Summary: In the presented paper, peak discharges of historic floods in urbanized areas of different cities on the River Ahr in western Germany are reconstructed based on documentary sources from pre instrumental and the early instrumental period . Maximum water levels of five floods are denoted by flood-marks, with one of these events additionally documented by old photographs. The main challenge is the reconstruction of historic floodplain conditions and modifications influencing the cross-section area and the hydraulic roughness. In order to overcome this problem, a simple approach to estimate peak discharges of historic floods has been applied to the River Ahr. This approach includes a procedure for reconstructing the hydraulic parameters of the river channel and overflooded areas, coupled with an approach for the verification of estimated peak discharge reliability. Five reconstructed discharge maxima are presented. One of these events is well documented by numerous photographs, taken at different times of day, which allow the reconstruction of a hydrograph peak. 
Introduction
Water level data for historic floods provide important information on potential magnitudes of contemporary floods. Furthermore, information on historic floods enables a comparison with recent floods to help classifying them. Historic flood levels can be found as markings on historic buildings, identifying the maximum flood level, or in documentary sources. Usually, written descriptions are qualitative, such as "in consequence of the Ahr-flood, great damage was affected everywhere…" (seel 1983) . After careful interpretation and analysis, many can be used as a flood level for historic times as is the case for rivers in Central Europe (kRahe 1997; pfisTeR 1999; WiTTe et al. 1995; glaseR and sTangl 2004; sudhaus et al. 2008; meRz et al. 2011 ; heRgeT 2012) depending on the quality and quantity of the data. The approach of flood frequency analysis based on gauged flood events is well established, albeit it has to deal with the serious problem of statistical unsteadiness of datasets (e.g. saveniJe 1995; BeniTo et al. 2004; kidson and RichaRds 2005; macdonald 2013) . By adding a significantly increased number of large flood events before the period of instrumental gauging, these datasets can be enhanced considerably (e.g. WiTTe et al. 1995; BeniTo and ThoRndycRafT 2005) . Direct utilisation of these stage records in order to predict actual flood discharges is impossible due to frequent, mainly anthropogenic, modification of channels and nearby floodplains since historic times. For comparable discharges, the modern water levels would reach a different elevation, probably in most cases higher due to the decreased cross-section areas related to dykes, constructions and settlements on the floodplain. Therefore, the historic flood levels must first be transformed into historic peak discharges. These discharge values can then be used to estimate comparable modern-day flood levels by deriving peak discharges from historic events. In view of methodological problems, flood discharge estimations based on historic flood levels in urban areas are quite rare (e.g. BRázdil et al. 1999 ; ThoRndycRafT et al. 2003; macdonald et al. 2006; heRgeT and meuRs 2010; WeTTeR et al. 2011; elledeR et al. 2013) . In this case study, in addition to flood marks, historical photos are used. In comparison to flood marks, photos have the advantage of documenting a historic flood event in its development. Thus, the discharge can be quantified at different points in time. The consideration of how anthropogenic floodplain modifications impact upon the cross-section area and hydraulic roughness is one of the main challenges of palaeoflood research in such contexts. In order to overcome these problems, a simple approach to estimate the peak discharges has been developed and applied to the River Rhine at the city of Cologne (heRgeT and meuRs 2010) as well as the River Vltava at Prague (elledeR et al. 2013) . In this study, the approach is applied to a smaller river for the first time. In contrast to heRgeT and meuRs (2010) and elledeR et al. (2013) , peak discharges are quantified at several locations. One flood event was reconstructed at all locations, which helps to reconstruct the special variation of the flood wave. Multiple reconstructions of a single flood event allow a greater plausibility of results. This approach includes a procedure for reconstructing the hydraulic parameters of the river channel and inundated floodplain, as well as a final verification of the reliability of estimated peak discharges.
Historic flood levels at the Ahr from different documentary sources
The River Ahr, a tributary of the River Rhine, is located in western Germany. The catchment area of the river is 897.5 km² with its main tributary sources in the High Eifel Mountains. The current mean discharge of the river at Altenahr, which is located 31.7 km upstream the confluence, is 6.95 m³ s -1 with a peak monitored discharge of 214 m³ s -1 , recorded in 1993 (LANUV NRW 2011). The depth of flow in the river channel for mean discharge is 0.75 m above gauge zero point (160.51 m above sea level) and 3.49 m above gauge zero point during the highest gauged flood stage (LANUV NRW 2011) Roggenkamp (2012) . Flood level markings are located in three places, namely Ahrweiler, Dernau and Walporzheim in the lower parts of the river course (Fig. 1) . Flood level markings in Dernau and Walporzheim were placed on houses, whereas markings in Ahrweiler where made in a bankside road tunnel. In addition, historic photographs, picturing a flood, which occurred in 1910, were taken in the city of Neuenahr (Fig. 2) . In this study historic photographs can be useful, but must be chosen carefully, because of possible subsequent editing (Fig. 3) . From these sources, five flood events were considered in this study (Tab. 1). By reason of diverse locations, parameters for the estimation of peak discharges must be determined for each of them. Due to clarity only the location of Bad Neuenahr is presented here (cf. Roggenkamp 2012 for further details).
Parameters for the estimation of peak discharges
Based on the empirical Manning equation for mean flow velocity (choW 1959), peak discharges for the selected historical flood events are estimated as
With Q p peak discharge, A p cross-section area during the highest flood level, R p hydraulic radius during the highest flood level, S slope and n hydrau-lic roughness coefficient according to Manning. As will be explained in detail below, the peak discharge is calculated separately for five individual elements of the cross-section area A and subsequently summarized to a single value for each flood event.
Cross-section area A
The reconstruction of the inundated floodplain area is based on data from historic maps, photographs and engineering drawings of bridge constructions and cover the periods of with the floods listed in table 1. Based on these illustrations, any significant topographic changes -including land use change on the floodplain -can be traced back through time. A cross-section profile is reconstructed beginning in the city centre on the northern bank, across the floodplain area through the channel zone to the floodplain area on the southern bank (Fig. 4) . The length of the profile is 185 m.
During the entire period of interest in this study, the principal form of the cross-section profile was not significantly modified. Comparing the city map from 1903 ( Fig. 4 ) with current maps, it is obvious that the settlements did not occupy more extensive areas along the cross-section profile.
The relief data were derived from modern high-resolution topographic maps with scales of 1:5000, as well as geodetic surveys. Due to the small dimensions of the River Ahr, it never was used for navigation, as such bathymetric maps were not created. However the channel was canalized and dredged before the flood of 1910 occurred in Neuenahr. Possible trends of incision or deposition of the channel bed can not be measured, so the recent channel topography is approved for the entire period of interest. 
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Hydraulic radius R
Thy hydraulic radius is calculated as R=A/P, with cross-section area (A) and wetted perimeter (P). Like the cross-section area, the wetted perimeter can be determined from modern topographic maps and from geodetic surveys considering the same properties of the features along the profile as discussed above.
Slope S
As in numerous previous palaeohydrological studies, the slope (S) is related to the slope of the water level instead of the slope of the energy line according to Manning equation (choW 1959) . During and after the time of interest no significant changes influencing the slope of the river channel took place. The modern value of 0.0035 mm -1 is applied for the water levels in Neuenahr.
Manning's roughness coefficient n
Estimating the hydraulic roughness is the principal challenge in reconstructing flood discharges. Numerous factors influence the values, changing by place and time. All elements affecting the hydraulic roughness (choW 1959) are considered in the algebraic form of: n = (n 1 + n 2 + n 3 + n 4 + n 5 + n 6 + n 7 + n 8 + n 9 ) m With n 1 surface roughness, n 2 vegetation, n 3 channel irregularity, n 4 channel alignment, n 5 silting and scouring, n 6 obstruction, n 7 variations of stage and discharge, n 8 sediment load (density of water), n 9 seasonal changes, and m as correction factor for meandering of the channel. Each of the five elements of the cross-section profile are described below in detail, an individual roughness coefficient n is estimated to take into account individual aspects of hydraulic roughness. Elements of uncertainty remain and to quantify these, a range for each factor in each cross-section element mentioned above is given as n x min < n x < n x max and a mean value n xmean derived.
Neuenahr -settled area
The left river bank was settled and urbanized during the period of interest. The main streets along the cross-section, namely Poststraße and Telegrafenstraße, run transverse to the direction of flow. The buildings act as barrier and also the photographs taken in these streets show people standing in almost still water (Fig. 2) . The mean flow velocity in the city is therefore assumed to be practically zero. By algebraic expression, the value of obstruction roughness (n 6 ) equals infinity (v = 0 ms -1 ) due to the closed row of houses beginning orientated transverse to the flow direction. In practice this observation is an argument for leaving out this cross-section part in the estimation of peak discharges. 
Neuenahr -non-built-up area
Between the built-up area and the northern river bank a small section of 9 m has no buildings. The area was predominantly overgrown with a slim grass strip, related to a surface roughness value of 0.012<n 1mean <0.018 (aRcemenT and schneideR 1989) with a mean value being n 1mean =0.015. The vegetation has minor influence on roughness. Photographs show a small green area with turf grass, related to a vegetation-value of 0.001<n 2mean <0.01 (aRcemenT and schneideR 1989) with n 2mean =0.005. Given that winter flood events are not considered for the location of Neuenahr, it is not necessary to estimate the influence of winter vegetation. Within this part of the cross-section, some minor rises and dips have an effect on the degree of irregularity. These are quantified as 0.001<n 3mean <0.005 (aRcemenT and schneideR 1989) with n 3mean =0.003.
Year Date
Cause Alignment effects (n 4 ) are not relevant, as the entire area is considered. Silting and scouring (n 5 ) is irrelevant by reason of an overgrown surface. Due to the minor influence of silting and scouring for the roughness coefficient these effects can be disregarded.
The degree of obstruction (n 6 ) has a minor effect on roughness, as obstacles are limited to lampposts. The estimated range is 0.003<n 6mean <0.005 (aRcemenT and schneideR 1989) with n 6mean =0.004. Stage and discharge effects (n 7 ) and the sediment load (n 8 ) are not of further importance for this element of the crosssection profile. The sediment load (n 8 ) can not be quantified directly and, as a result, the generalizing empirical character of the Manning equation is assumed to be less important. For this observation area only one single historic flood, which occurred in summer, is reconstructed. As such seasonal changes (n 9 ) are not considered. In this area the River Ahr has a linear flow direction so that the correction factor for meandering (m) is not of importance.
Northern river bank
In the time of interest, a floodplain on both sides of the river existed. Different illustrations of the floodplain give information on the coverage of vegetation and condition (Fig. 5) . The floodplain has a firm surface, related to a value of 0.025<n 1mean <0.032 (aRcemenT and schneideR 1989) with n 1mean =0.028. The floodplain area is mostly woodless with grass coverage added by smaller weeds. The related vegetation-value is quantified as 0.01<n 2mean <0.025 (aRcemenT and schneideR 1989) with n 2mean =0.018. Within the f loodplain some moderate rises and dips have an effect on the degree of irregularity, quantified as 0.006<n 3mean <0.01 (aRcemenT and schneideR 1989) with n 3mean =0.008. As mentioned above, alignment effects (n 4 ) as well as silting and scouring (n 5 ) can be disregarded. The different illustrations show merely smaller obstacles with minor effects on roughness coefficient, related to a value 0.001<n 6mean <0.004 (aRcemenT and schneideR 1989) with n 6mean =0.002. For the floodplain area the effects of stage and discharge (n 7 ), sediment load (n 8 ) and seasonal changes (n 9 ) are not of further importance. As mentioned above, the effect of meandering (m) is also not considered.
River channel
Recent investigations reveal that the channel bottom of the River Ahr in Neuenahr consists of medium to coarse gravel with few boulders and has moderate to serve irregularities. According to choW (1959), this can be transferred to a surface roughness factor of 0.026<n 1mean <0.03 with n 1mean =0.028 and a channel irregularity of 0.01<n 3mean <0.02 with n 3mean =0.015. The vegetation in channel bed is nearly negligible in the range 0<n 2mean <0.005 (choW 1959) with n 2mean =0.002. As all other factors are negligible for large magnitude flood events, the hydraulic roughness of the channel is in the range 0.038<n mean <0.053 with the mean value of n mean =0.045.
The river has no significant curvature indicating that channel alignment (n 4 ) is not an influence. According to scale and surface, silting and scouring (n 5 ) are of minor importance. Upstream from the cross-section the Kurgarten-Bridge was present in 1910. Historic photographs document that the bridge did not have bridge piers that could influence the roughness coefficient, therefore the effect of obstruction (n 6 ) does not have to be considered further. Stage and discharge effects (n 7 ) are considered to be unimportant due to the separation of the cross-section area into different elements which are studied individually. The sediment load (n 8 ) can not be quantified directly and, as mentioned above is assumed to be less important. As previously mentioned, the effect of seasonal changes (n 9 ) is not relevant in this case. The channel of the river is practically straight within the limits of the city, so the correction factor for channel meandering is assumed to be m=1. 
Southern river bank and floodplain
The condition of the southern bank and floodplain differs slightly from the northern river bank in reference to increased obstacles (n 6 ) and vegetation coverage (n 2 ). The southern floodplain ranges to a former recreation area, a part of the health resort Neuenahr. Different illustrations show flowerbeds, hedges, bushes and isolated trees. The vegetation has a major effect on the roughness and is quantified as 0.02<n 2mean <0.03 (aRcemenT and schneideR 1989) with n 2mean =0.025. In addition, illustrations show street furniture occurring as obstacles and affecting the roughness, related to a value 0.015<n 6mean <0.02 (aRcemenT and schneideR 1989) with n 6mean =0.018. Other parameters affecting the roughness do not differ from the northern river bank and are quantified similarly.
Results and reliability check
Based on the data and derived parameters, peak discharge for the listed (Tab. 1) historic large-scale flood events were estimated (Fig. 6) . The principle of the approach is illustrated by the flood event of 1910 (Tab. 2). Details for the other flood events, particularly the flood event of 1804, which was the major flood event on the River Ahr in historic times, are given by Roggenkamp (2012) . Estimated discharges for all reconstructed floods are listed in table 3. The flood event of 1910 presented a considerable danger for residents. Several structures near the River Ahr were damaged and wooden building materials mobilized, becoming a danger for bridge constructions along the stream (ulRich 1938). For mean roughness values, the peak discharge can be estimated as about 590 m³ s -1 , with a range of 470 m³ s -1 < Q peak < 750 m³ s -1 considering maximum and minimum roughness coefficients. Note that about 69% of the discharge flowed within the channel zone.
As mentioned above, the flood event of 1910 is well documented by numerous photographs, taken in Neuenahr. Picturing the accurate water level, the presented approach affords the calculation of relative discharges. Some of these photographs show, apart from the water level, a clock (Fig. 7) . This fortunate circumstance allows a connection between time and relative level, based on photographs, to estimate a hydrograph peak of a historic flood (Fig. 8) .
As several approximations are required to estimate the peak discharges of historic floods, peak discharges of modern gauged flood events have been calculated applying the same approach. /s] maximum peak discharge mean peak discharge minimum peak discharge 
Discussion
The presented attempt to improve the estimation of peak discharges for the River Ahr based on a combination of knowledge of historical flood peak water levels, analysis of historic floodplain conditions and hydraulic calculation, has remained unequalled so far. Although ulRich (1938) gives information on discharge of the flood event of 1910, these data refers to assumptions. In contrast to ulRich (1938), the presented approach provides the first quantitative information on non-gauged floods of the River Ahr.
Estimated discharges within the floodplain represent about 30-65% of the total estimated discharge. Possible errors in the reconstruction of floodplain conditions may have major effect The results reveal that four out of five reconstructed historic flood events of the River Ahr were larger than any recently gauged floods. Particularly with regard to the high-magnitude flood events of 1804 and 1910 the recent danger of flooding is underrated in case of disregarding historic floods. The large discrepancy between recent mean discharge (6.95 m³/s) and reconstructed peak discharges is conspicuous. The flood event of 1804 multiplies the mean discharge by about 170. Such differences occur only in smaller rivers such as River Ahr. The floods of 1804 and 1910 were both caused by persistent rainfall, especially in the southern catchment area (ulRich 1938; fRick 1955; pfisTeR 1999; Weikinn 2002) . The flood event of 1910 was reconstructed at four locations. Results show no outlier, however, a trend is in evidence (Fig. 6) . The peak discharge increases downstream slightly, due to persistent rainfall. Favourable state of sources allows not only the reconstruction of peak discharges but also of partial hydrograph of the flood event of 1910 in Neuenahr. The timed exactness is unprecedented so far and underlines the value of photographs for the quantitative reconstruction of historical floods.
As the reliability check indicates, the approach underestimates the factual peak discharge by 5 to 7%. The approach seems to be conservative and previous applications show a similar underestimation (heRgeT and meuRs 2010; elledeR et al 2013). The results for the River Ahr show that the approach to the peak discharge estimation of historic flood levels in a settled area presented in this paper can successfully be applied. The validation of the technique by comparison with recent gauged floods reveals results of sufficient accuracy. In addition to that, the high level of information contained within the sources allows the estimation of a hydrograph curve for the flood event from 1910 in Neuenahr. The results show that the flood from 1804 was the largest flood event on the River Ahr in historic times. The particularly high runoff values of the flood events of 1804 and 1910 are confirmed by written reports, which tell of devastating damages (ulRich 1938; fRick 1955; seel 1983; kohl 2007) .
A future challenge is to investigate the likely modern level of an event such as 1804 or 1910 in the settled areas along the River Ahr. Urban expansions reduced retention areas and the peak levels of historic flood events would, most likely, be higher with the current structure.
